Listeria monocytogenes is a ubiquitous food-borne Gram-positive bacterium, responsible for life threatening infections in humans and animals (1) . It is a facultative intracellular pathogen able to enter and multiply in both professional (2) and non-professional phagocytes such as epithelial cells (3) or hepatocytes (4) . After entry, bacteria rapidly lyse the phagosomal membranes and gain access to the cytosol where they spread to adjacent cells by an actin-based motility process (5) . Most of the virulence factors of L. monocytogenes, identified to date, are either secreted or surface-associated proteins (6) . Several distinct mechanisms of cell wall attachment and display of surface proteins have been described in Gram-positive bacteria (7) . Among them, bacterial lipoproteins form a subclass of exported proteins that are involved in a broad range of functions such as: (i) substrate-binding proteins, in ABC transporter systems; (ii) antibiotic resistance; (iii) cell signaling; (iv) protein export and folding; and (v) sporulation, germination, and conjugation (8) . In addition, lipoproteins are known to initiate both innate and adaptative immune responses in activating nuclear factor-B, cytokine production, and B-cell expansion through the interaction with human Toll-like receptor-2 (9) . However, the role of lipoproteins in the pathogenicity of intracellular bacteria is yet poorly understood.
Two main genetic approaches can be undertaken to address the role of lipoproteins in pathogenesis. The first one consists of inactivating individually each of the genes encoding putative lipoproteins and study the properties of the mutant strains. This approach requires extensive work because the number of genes to inactivate is important (20 to Ͼ100) and may prove inefficient in the case of proteins with overlapping functions. The second approach consists of inactivating the gene encoding the signal peptidase responsible for their maturation. Indeed, the NH 2 -terminal signal sequences of lipoproteins are specifically processed by a unique signal peptidase, named type II signal peptidase (or SPase II). 1 Maturation of lipoproteins by SPase II, initially described in Gram-negative bacteria (10) , has been recently studied in Gram-positive bacteria, and especially in Bacillus subtilis (11, 12) . SPases II remove signal peptides from the lipoproteins first modified by a diacylglyceryltransferase (Lgt). This step could be inhibited by globomycin, a reversible and non-competitive peptide inhibitor (13, 14) . After cleavage, the step of N-acylation of the cysteine observed in Escherichia coli was not described in B. subtilis, probably because of the absence of the lnt gene responsible of the lipoprotein aminoacyltransferase.
Among the 133 putative surface proteins of the L. monocytogenes genome (15) , lipoproteins constitute the largest family (i.e. 2.5% of all genes), with 68 members. The lipoprotein signal peptide is characterized by a well conserved lipobox preceding a cysteine residue. The signal sequences of the putative lipoproteins encoded by the genome of L. monocytogenes are listed in Table I .
Preliminary experimental data on the role of two of them have been recently obtained in our laboratory: (i) OppA that belongs to an oligopeptide ABC-like transporter, required for bacterial growth at low temperature (16) ; and (ii) LpeA an adhesin-like protein favoring entry of L. monocytogenes into non-professional phagocytes (17) . Individual inactivation of * This work was supported in part by CNRS, INSERM, and the Université Paris V. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
‡ To whom correspondence may be addressed. these genes had no effect on bacterial virulence.
Here, we focused on a gene, designated lsp, encoding a potential SPase II in the genome of L. monocytogenes. We constructed a ⌬lsp chromosomal deletion mutant and studied its characteristics. Our analyses demonstrate that the lsp gene product is a genuine SPase II involved in the processing of lipoproteins, and that this process is critical for efficient phagosomal escape and intracellular survival of L. monocytogenes. We also monitored the expression of lsp during the infectious process. The data suggest that maturation of lipoproteins might be temporally controlled by the regulation of Lsp production inside infected cells.
EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, and Growth Conditions-We used the reference strain of L. monocytogenes EGD-e belonging to serovar 1/2a recently sequenced (15) . Brain heart infusion (BHI; Difco Laboratories, Detroit, MI) and Luria-Bertani (LB, Difco) broth and agar were used to grow L. monocytogenes and E. coli strains, respectively. Strains harboring plasmids were grown in the presence of the following antibiotics: pCR TM derivatives, kanamycin (K m ) 50 g/ml; pAUL-A derivatives, erythromycin (Em) 150 (E. coli) and 5 g/ml (L. monocytogenes). To analyze mutant bacteria, we studied 50 metabolic characters on API-50 strips (Biomerieux, Marcy l'Etoile, France).
Genetic Manipulations-Chromosomal DNA, plasmid extraction, electrophoresis, restriction enzyme analysis, and amplification by PCR were performed according to standard protocols (18) . Restriction enzymes and ligase were purchased from New England Biolabs and used as recommended by the manufacturer. DNA was amplified with the AmpliTaq DNA polymerase of Thermus aquaticus from PerkinElmer, in a Gene Amp System 9600 thermal cycler (PerkinElmer Life Sciences). Nucleotide sequencing was carried out with Taq dideoxy terminators and the DyePrimer Cycling Sequence protocol developed by Applied Biosystems with fluorescently labeled dideoxynucleotides and primers, respectively (Invitrogen). Labeled extension products were analyzed on an ABI Prism 310 apparatus (Applied Biosystems).
Construction of a ⌬lsp Mutant of L. monocytogenes-A lsp mutant was constructed by deletion of a 200-bp internal fragment of lsp. We inserted a 1,022-bp EcoRI-BamHI EGD-e DNA fragment (Ϫ800 to ϩ200) and a 922-bp BamHI-HindIII EGD-e DNA fragment (ϩ400 to ϩ1,300), between the EcoRI and HindIII sites of the thermosensitive shuttle vector pAUL-A, as previously described (19) , to give pAUL-⌬lsp. These two DNA fragments were amplified by PCR from the EGD-e genomic DNA using the following primers pairs: Ecolsp5Ј (5Ј-GGA-ATTCCTTATTCGGAAAATTCCAGGCGCTTTCTTATGG-3Ј) and Bamlsp3Ј (5Ј-CGCGGATCCGCGACAACAACAGTAATAAGATAGAAA-AACC-3Ј); Bamlsp5Ј (5Ј-CGCGGATCCGCGTTGGTGTCGTACTAATG-CTCGTGTATG-3Ј) and HIIIlsp3Ј (5Ј-CCCAAGCTTGGGTCATTCGTT-GTCGGATGATCAAATCCTA-3Ј). Oligonucleotides were synthesized by Genset (Paris, France). The 2 amplified double-stranded DNA fragments were first cloned into the pCR TM cloning vector using the Invitrogen TA Cloning TM kit (Invitrogen). Plasmid pAUL-⌬lsp was electroporated into EGD-e and transformants were selected for Em resistance at 30°C. Allelic exchange was obtained by homologous recombination using a two-step procedure: at 40°C, a single crossing-over event integrated the entire plasmid into the chromosome; the plasmid was then excised by subculture at 30°C. The deletion was confirmed by PCR sequence analysis of chromosomal DNA from the mutant.
RNA Isolation and Real-time Quantitative PCR Assays-To extract RNA of L. monocytogenes grown in Caco-2 cell or bone marrow (BM) macrophages from BALB/c mice, cells were infected at a multiplicity of infection of 10, for 30 min, 30 min, and 1 h, respectively. Cells were lysed with 4 ml of 0.1% Triton X-100, the supernatant containing the bacteria was centrifuged for 10 min at 4,000 ϫ g and the pellet was washed twice with saline buffer.
Bacteria were broken in a solution of Trizol (1 ml) (Invitrogen) with miniglass beads using a Bead Beater apparatus (Polylabo) set at maximum speed. RNA was extracted with 300 l of chloroform:isoamyl alcohol. After 10 min of centrifugation at 13,000 ϫ g, the aqueous phase was transferred to a tube containing 270 l of isopropyl alcohol. Total RNA was then precipitated overnight at 4°C and washed with 1 l of a 75% ethanol solution before suspension in diethyl pyrocarbonate-treated water. Contaminating DNA was removed by digestion with DNase I, according to the manufacturer's instructions (Roche Diagnostics). As a negative control, the same experiment was performed on non-infected cells.
Real-time quantitative PCR was carried out on the ABI Prism 7700 sequence detection system using Taqman Universal PCR master mixture (PE Applied Biosystems). SDS-PAGE and Western Blot Analyses-Protein extracts were prepared from cultures of bacteria grown in BHI broth at 37°C (at A 600 of 0.6 for exponential phase; and after overnight incubation, at A 600 of 1.2 for stationary phase). The bacterial pellets were suspended in Tris (10 mM)/EDTA (1 mM) and bacteria were disrupted using a Fastprep FP120 apparatus (BIO 101 Inc., Ozyme) by 2 pulses of 30 s at a speed of 6.5. Lysates were centrifuged and the pellet suspended in 1ϫ SDS-PAGE sample buffer. Electrophoresis and Western blotting were carried out as described previously in SDS-10% polyacrylamide minigels (Mini Protean II; Bio-Rad). Nitrocellulose sheets were probed with anti-ScaA antibody, kindly provided by Dr. Kolenbrander (Bethesda) and antirabbit horseradish peroxidase-conjugated secondary antibody. Antibodies were used at a final dilution of 1:1,000. Antibody binding was revealed by adding 0.05% diaminobenzidine tetrahydrochloride (Sigma) and 0.03% hydrogen peroxide (Sigma).
Protein Sequencing-Wild-type EGD-e and EGD⌬lsp were grown in BHI overnight with agitation at 37°C. The bacterial pellets were suspended in Tris (10 mM)/EDTA (1 mM) and bacteria were disrupted using a Fastprep FP120 apparatus (BIO 101 Inc., Ozyme) by 2 pulses of 30 s at a speed of 6.5. Denatured proteins were separated by SDS-PAGE and then transferred electrophoretically onto polyvinylidene difluoride membranes (Millipore). Protein bands were visualized by staining the membrane with Coomassie Blue. For NH 2 -terminal sequencing, the two major unknown protein bands observed in the EGD⌬lsp were cut from the polyvinylidene difluoride membranes and sequenced on an Applied Biosystems Procise sequencer (J. d'Alayer, Laboratoire de Séquencage des Protéines, Institut Pasteur, Paris).
Intracellular Growth in Macrophages-Bone marrow-derived macrophages from BALB/c mice (IFFA-CREDO, Grenoble, France) were cultured and infected for growth curves at a cell/bacterium ratio of 10:1. Macrophages were exposed for 15 min at 37°C and non-ingested bacteria were removed by several washings. Infected cells were re-fed with fresh medium (time 0).
Confocal Microscopy-Infected cells were examined at 0, 1, 2, and 4 h post-infection. Double fluorescence labeling of F-actin and bacteria was performed as described (20) , using phalloidin coupled to Oregon Green 488 (Molecular Probes, Eugene, OR) and a rabbit anti-Listeria serum (J. Rocourt, Institut Pasteur, Paris), revealed with an anti-IgG antibody coupled to Alexa 546 (Molecular Probes). Images were scanned on a Zeiss LSM 510 confocal microscope.
The percentage of phagosomal escape was calculated as described previously (20) . The number of bacteria per infected cell and the number of infected cells containing bacteria surrounded by polymerized actin were quantified on a mean of 50 -100 infected cells, at 1, 2, and 4 h of the infection.
Electron Microscopy-At selected intervals following infection (0, 1, 2, and 4 h), BM macrophages were fixed and processed as described previously (20) . Thin sections were stained with 2% uranyl acetate and lead citrate. We quantified the percentage of bacteria surrounded by: (i) an intact phagosomal membrane; (ii) a partially damaged membrane; or (iii) polymerized actin. For this purpose, BM macrophages were infected at a ratio of 100:1, to have a sufficient number of bacteria per thin section. Fifty to 100 phagosomes were studied, corresponding to about 50 infected cells.
Infection of Caco-2 Cells-We also used the human colon carcinoma cell line Caco-2 (ATCC HTB37) from the American Type Culture Collection (Manassas, VA). The invasion assays were carried out as de-scribed previously (17) . Viable bacteria released from the cells were plated onto BHI plates. Each experiment was carried out in triplicate, repeated three times and expressed as mean Ϯ S.D.
Mouse Virulence Assays-Six-to eight-week-old female Swiss mice (Janvier, Le Geneset St-Isle, France) were inoculated intravenously (iv) with various doses of bacteria. Mortality was followed over a 14-day period on groups of 5 mice. The lethal doses 50 (LD 50 ) were determined by the Probit method. Bacterial growth was followed in organs (spleen and liver) of mice infected intravenously with 10 5 bacteria, as previously described (21) . For the oral infections, 5-6-week-old-female BALB/c mice were starved for 24 h (water allowed) and were inoculated orally with 4 ϫ 10 10 bacteria (in 0.2 ml). This dose was chosen based on previous studies (22) . After 3 days, the small intestines were recovered and rinsed in Dulbecco's modified Eagle's medium (Invitrogen) to remove the intestinal content. Intestines were then incubated at 20°C for 2 h in Dulbecco's modified Eagle's medium containing 100 mg/liter gentamicin to kill extracellular bacteria from the intestinal lumen and rinsed three times in Dulbecco's modified Eagle's medium. Intestinal tissues were finally homogenized in 0.15 M NaCl and plated on BHI agar.
RESULTS
The lsp Gene of L. monocytogenes Encodes a Lipoproteinspecific Signal Peptidase-We identified an orf, designated lsp, in the genome of L. monocytogenes EGD-e (15), encoding a putative SPase II. The protein has 57.5% amino acid identity with Lsp of B. subtilis and is of identical size (154 amino acids in length). Lsp is highly conserved in L. monocytogenes serovar 4b, as well as in the non-pathogenic species Listeria innocua, with 99 and 98.1% amino acid identity, respectively (preliminary sequence data on the 4b strain was obtained from The Institute for Genomic Research website). 2 Lsp of EGD-e contains the five conserved domains present in all other known SPases II. In particular, the Asn, Asp, and Ala residues, in domains III and V, which are critical for the activity of B. subtilis SPase II (Ref. 23 and references therein) are conserved (not shown). An lsp transcript was detected by reverse transcriptase-PCR in bacteria grown in broth ("Experimental Procedures"), suggesting that lsp encodes a functional protein.
Construction of a Chromosomal ⌬lsp Deletion-We constructed an lsp knockout mutant of L. monocytogenes (EGD⌬lsp) by deletion of a 200-bp internal fragment of lsp, and chromosomal integration by allelic replacement (see "Experimental Procedures" for details). The deletion had no effect on bacterial viability in BHI, at all the temperatures tested (i.e. 4, 30, 37, and 42°C) . No difference between the mutant and wild-type strain was observed with respect to microscopic morphology, motility, colony aspect, hemolysis on blood agar plates, metabolic profiles on API strips, or antibiotic resistance profiles (not shown). These data indicate that the lsp gene product of L. monocytogenes is not essential for viability and not required for normal growth in broth.
Processing of the Lipoprotein LpeA-We first tested the expression of LpeA, a recently identified lipoprotein of L. monocytogenes (17) , in wild-type EGD-e and in the ⌬lsp mutant. For Western blot analyses, we used an antibody directed against ScaA of Streptococcus gordonii (a protein sharing 57% amino acid identity with LpeA of L. monocytogenes) shown to crossreact with LpeA (17) . Two bands were detected in the ⌬lsp mutant: a minor band with the same apparent molecular weight as that of the single band detected in the wild-type strain; and a major band with a slightly higher apparent M r (Fig. 1A) . This upper band, which likely to corresponds to the precursor form of LpeA, was detected both in the exponential and stationary phases of growth. This assumption was confirmed by testing the expression of LpeA in the wild-type strain, grown in rich medium containing globomycin, an inhibitor of SPases II (see "Experimental Procedures"). Two forms of LpeA were detected after globomycin treatment: a lower band corresponding to mature LpeA; and an upper band corresponding to the unprocessed form of LpeA, with the same apparent M r as the upper band of the ⌬lsp mutant. In agreement with these observations, previous studies have shown that B. subtilis cells lacking SPase II accumulate not only the precursor form, but also alternatively processed mature-like forms of lipoproteins PrsA (12) .
L. monocytogenes Expresses a PrsA-like Protein Processed by Lsp-In B. subtilis, the folding catalyst PrsA is a major lipoprotein that is essential for life (24) . The chromosome of L. monocytogenes encodes a putative PrsA-like protein (Lmo2219) sharing 45% identity with PrsA of B. subtilis. We tested whether an anti-B. subtilis PrsA antibody (kindly provided by Vesa Kontinen), could cross-react with PrsA of L. monocytogenes in Western blot. A single band was detected in wild-type EGD-e. One band with a slightly higher apparent M r , likely to correspond to the unprocessed precursor form of PrsA, was detected in the ⌬lsp mutant (Fig. 1B) . As with LpeA, two forms of PrsA were detected after globomycin treatment of the wild-type strain. As expected, the detection of PrsA from B. subtilis extracts (used as a control) was significantly stronger. These results show, thus that: (i) L. monocytogenes expresses a PrsA-like protein antigenically related to PrsA of B. subtilis; and (ii) Lsp is responsible for the maturation of this PrsA homolog. Together, the Western blot analyses demonstrate that the protein encoded by lsp is a genuine SPase II involved in the maturation of lipoproteins, including LpeA and PrsA.
Variations in Envelope Protein Composition-The total protein composition was monitored in envelope fractions and culture supernatants, by Bradford protein assay. It was similar in EGD-e and in the ⌬lsp mutant, in both fractions. To visualize specific effects of lsp inactivation on protein expression, we 2 www.tigr.org. compared the envelope fractions of the two strains by SDS-PAGE. The two protein patterns were globally similar (Fig. 2) , except in the 30-kDa range where several differences were clearly visible. In particular, two major protein bands were detected in the ⌬lsp mutant extract, and missing in the wildtype extract. NH 2 -terminal protein sequence analyses ("Exper-
FIG. 2. SDS-PAGE.
A, total bacterial extracts were electrophoretically separated on an SDS-10% polyacrylamide gel and visualized by staining with Coomassie Brilliant Blue. Arrows indicate the main differences observed between the two strains. The two major protein bands induced in the extract of the mutant are indicated by arrowheads. A magnification of the corresponding region is shown to the right. B, the NH 2 -terminal sequence of these two protein bands was determined by microsequencing after transfer onto polyvinylidene difluoride membranes, as described previously (40) . Sequences were determined on an Applied Biosystems Procise Sequencer (J. d'Alayer, Institut Pasteur, Paris).
FIG. 3.
Invasivity assay into BM macrophages. BM macrophages from BALB/c mice were infected (20 bacteria per cell) with EGD-e (A) or ⌬lsp (B). The kinetics of infection of BM-derived macrophages was followed by confocal microscopy over a 4-h period. F-actin was stained with phalloidin (green) and bacteria were labeled with anti-Listeria antibodies (red). C, intramacrophagic bacterial multiplication was evaluated by determining the number of bacteria per infected BM-derived macrophage. Each point is the mean of 50 -100 infected cells. Values presented correspond to a typical experiment. D, the percentage of bacteria coated with actin filaments, was determined by phalloidin staining as described previously (29) .
imental Procedures") revealed that the upper band corresponded to the precursor form of a conserved lipoprotein of as yet unknown function (encoded by lmo2637). Notably, this 299-amino acid long lipoprotein shows significant similarity to a 15-kDa lipoprotein precursor of Treponema pallidum (25), a major membrane immunogen in syphilis infection. Peptidic alignment of the two sequences suggests that Lmo2637 is a duplicated form of the 15-kDa antigen (with 44% identity between residues 50 to 168 of Lmo2637 and 22 to 138 of T. pallidum lipoprotein; and 50% identity between residues 184 -290 of Lmo2637 and 31-138 of T. pallidum lipoprotein). Lmo2637 also has 50% identity to the cAD1 Sex pheromone precursor in Enterococcus faecalis (26) . The identification of the precursor form of Lmo2637 in the ⌬lsp mutant further indicates that the lsp-encoded SPase II is responsible for the maturation of this lipoprotein.
NH 2 -terminal sequencing of the second protein ( Fig. 2A , lower band) detected in the ⌬lsp mutant revealed a putative pyruvate dehydrogenase (encoded by lmo1053). This non-lipoprotein of 325 amino acids does not bear a predicted NH 2 -terminal signal sequence. It shares 80% identity with the E-1␤ chain subunit of the B. subtilis pyruvate dehydrogenase complex, encoded by pdhB (27) . Notably, PdhB was also identified in the extracellular proteome of B. subtilis (28) .
Lsp Inactivation Impairs Virulence-We evaluated the impact of lsp inactivation on bacterial pathogenicity in eucaryotic cells, in cultures as well as in vivo.
Intracellular Survival in BM Macrophages-We studied infection and intracellular multiplication of the ⌬lsp mutant in BM macrophages from BALB/c mice by confocal microscopy, after double staining with an anti-Listeria antibody and with ␤-phalloidin to visualize the F-actin (29) . EGD-e was used as a positive control. Macrophages were exposed to a bacterium/cell ratio of 10:1 and bacterial multiplication was followed over a 4-h period. We monitored quantitatively the capacity of the mutant strain to promote the disruption of the phagosomal membrane and to multiply intracellularly, by immunofluorescence microscopy analysis (Fig. 3, A and B) . After 4 h of incubation, wild-type bacteria formed actin comets and massively invaded the BM macrophages, as previously reported (20) . In contrast, with the ⌬lsp mutant, a reduced bacterial growth was observed after 2 h of infection as well as a delay in actin polymerization. After 4 h, intramacrophagic multiplication reached only about one-fourth that of the wild-type strain and only 60% of the bacteria were surrounded by polymerized actin (Fig. 3, C and D) , suggesting that lipoprotein maturation plays an important role in the intracellular survival of L. monocytogenes.
To determine whether the ⌬lsp mutant had a defect in phagosomal escape or in its capacity to polymerize actin, we then followed the kinetics of bacterial infection by electron microscopy. This assay, for which a higher ratio of bacteria per cell was used (i.e. 100 bacteria per cell, see "Experimental Proce- 
FIG. 5.
In vitro and in vivo survival of the ⌬lsp mutant. A, Caco-2 cells were exposed to EGD-e or ⌬lsp mutant at a ratio of 100 bacteria per cell. Invasion and intracellular multiplication was followed over a 4-h period. At T 0, the number of bacteria counted was identical with both strains, whereas after 2 and 4 h the counts recorded with the mutant strain was about 3-fold lower (0.5 log) than with wild-type EGD-e. Experiments were repeated three times. B, bacteria were orally inoculated into five BALB/c mice at a dose of 4 ϫ 10 10 bacteria per mouse. Three days after infection, the small intestine were collected and prepared as described under "Experimental Procedures." Bacterial counts were determined by plating homogenates onto BHI solid medium. Symbols indicate log 10 bacteria of EGD-e (closed squares) and the ⌬lsp mutant (white circles).
dures" for details), confirmed the growth defect observed by confocal microscopy. We examined the structure of the phagosomal membrane after entry of the bacteria. After 1 h of infection, 65% of wild-type bacteria were surrounded by a meshwork of polymerized actin, and only 14% of the phagosomes still presented an intact membrane. In contrast, with the ⌬lsp mutant, only 14.2% of the bacteria were surrounded by polymerized actin and 55% of the phagosomes had an intact membrane (Fig. 4) . These analyses demonstrated that the delay in actin polymerization of the ⌬lsp strain was because of a reduced efficiency of phagosomal escape.
We compared by Western blot the production of the cell surface-anchored protein ActA and two secreted proteins, listeriolysine O and the phosphatidylcholine-phospholipase C, in the wild-type strain and the ⌬lsp mutant. Each of these three proteins was produced in comparable amounts in the two strains. This result confirmed that the defect of intracellular growth of the ⌬lsp mutant was not because of a reduced production of these virulence factors. Moreover, the three proteins, which bear classical SPase I-dependent NH 2 -terminal signal sequences, were detected in the ⌬lsp mutant at the same apparent M r as that in the wild-type strain (not shown), indicating that Lsp is not involved in their processing.
Invasion and Intracellular Survival in Enterocytes-Natural infection by L. monocytogenes generally occurs by the digestive port of entry, after ingestion of contaminated food. Therefore, we monitored intracellular survival of the ⌬lsp mutant in the human enterocyte-like cell line Caco-2. Bacteria were counted at time 0 and after 2 and 4 h of incubation. No difference was observed between EGD-e and the ⌬lsp mutant strain by time 0, indicating that inactivation of lsp did not influence adherence to these epithelial cells. At later times (after 2 and 4 h of infection), the ⌬lsp mutant showed a moderate growth defect; with 3-fold fewer bacteria than the wild-type strain (0.5 log, Fig. 5A ).
We also followed survival of the ⌬lsp mutant in vivo, in the small intestinal tissue of BALB/c mice, after intragastric inoculation with 4 ϫ 10 10 bacteria (see "Experimental Procedures"). Viable bacterial counts were determined 3 days after the inoculation (Fig. 5B) . The counts recorded were comparable with those recorded earlier by this route of administration (22) . No difference was observed between the ⌬lsp mutant and the wild-type strain (5.5 Ϯ 0.33 versus 5.01 Ϯ 0.36). These data suggest that lipoprotein maturation by Lsp does not play a major role in the crossing of the digestive barrier by L. monocytogenes.
Virulence-We also evaluated the effect of lsp inactivation on bacterial virulence after intravenous inoculation. The LD 50 of the ⌬lsp mutant was of 10 5.5 in Swiss mice, about 10-fold lower than that of EGD-e (10 4.5 ), indicating that the ⌬lsp mutation moderately attenuated the virulence of L. monocytogenes. However, the kinetics of infection in livers and spleens of infected mice (not shown) did not reveal any significant growth defect of the ⌬lsp mutant, suggesting that the non-processed forms of lipoproteins still promote in vivo survival of the bacterium.
Lsp Expression Is Temporally Controlled during InfectionEarlier studies have shown that the expression of several virulence genes was temporally controlled during the infectious process. For example, hly and plcA genes, encoding listeriolysine O and phosphoinositol-phospholipase C, two proteins required for phagosomal escape, are predominantly expressed in the phagosomal compartment. In contrast, expression of ActA, which is required for intracytoplasmic actin polymerization and bacterial motility, is strongly induced in the cytoplasm of the infected host cell (30). These observations prompted us to monitor the levels of L. monocytogenes lsp gene expression in broth and inside infected cells. Transcription of the lsp gene was quantitatively determined by real-time quantitative PCR, in BM macrophages and Caco-2 cells. The levels of transcription of lsp were compared with those obtained from bacteria growth in broth (BHI medium). Cell lines were infected during 30 min to 1 h with a bacteria/cell ratio of 10:1 and total bacteria RNA was extracted. For real-time quantitative PCR, we used gyrA as a reference gene. We previously showed that the level of expression of gyrA was constant in a variety of different growth conditions in broth (31) . We checked here that it also did not vary when L. monocytogenes grew intracellularly (not shown).
Lsp expression appeared to be tightly temporally controlled during the infectious process. After 30 min of infection in BM macrophages as well as in Caco-2 cells, expression of the lsp gene was strongly induced, with an induction ratio of 10.8 Ϯ 2.6 and 9.6 Ϯ 2.2, respectively (Fig. 6) . After 1 h of infection, the induction ratio then decreased significantly (about 5-fold) but was still higher than in broth (with a 2.2 Ϯ 0.8 induction ratio). Localization of the bacteria inside infected BM macrophages was simultaneously followed by confocal microscopy. In agreement with earlier observations, after 30 min, bacteria had not yet multiplied and no actin polymerization was detected. After 1 h, bacteria had multiplied and ϳ10% of them were already surrounded by polymerized actin (not shown). These observations show that lsp gene expression is highly up-regulated when the bacteria reside inside phagosomes and then decreases when bacteria gain access to the cell cytoplasm. These 
TABLE I Putative lipoproteins of L. monocytogenes
The lipoprotein signal peptide is characterized by a well conserved lipobox of 4 residues. Invariably, the carboxyl-terminal residue of the lipobox is cysteine, which is modified by the addition of fatty acids that anchor the protein in the membrane (41) . The sequence of the amino acids around this cysteine residue in lipoprotein precursors is relatively well conserved, and their signal peptides have several features that distinguish them from precursors of other bacterial-exported proteins. The charged NH 2 -terminal amino acid residues preceding the hydrophobic core region of the signal peptide are indicated in bold. The conserved residues of the lipobox, preceding the putative lipidated cysteine (in bold), are underlined. Lmo2637, identified by microsequencing, Lmo1847 (corresponding to LpeA), and Lmo2196 (corresponding to OppA) are shaded in gray.
observations favor the idea that lipoprotein maturation is optimal in the phagosomal compartment. DISCUSSION We show that the lsp gene of L. monocytogenes encodes a lipoprotein-specific signal peptidase (SPase II). A ⌬lsp chromosomal mutant has a reduced capacity to multiply in macrophages because of a severe delay in phagosomal escape. Expression of the lsp gene appears to be up-regulated when bacteria are present in the phagosomal compartment of infected eucaryotic cells, strongly suggesting a participation of processed forms of lipoproteins in the early steps of the intracellular life cycle of this pathogen.
Lipoproteins, a Novel Family of Virulence Determinants in L. monocytogenes-There is only limited experimental data on the importance of the maturation of preliproteins by SPase II in bacterial pathogenesis. In vivo screenings for attenuated mutants by signature-tagged mutagenesis, in Staphylococcus aureus, identified transposon insertions into the lsp gene (32, 33) . However, the effect of lsp inactivation on virulence was very modest. More recently, a lsp knockout mutant of Streptococcus suis has been also shown to have no effect on virulence (34) . These preliminary studies suggested that maturation of lipoproteins might not play a significant role in virulence of extracellular bacterial pathogens.
We show here that lipoprotein maturation is critical for the intracellular survival of L. monocytogenes. A severe growth defect of the ⌬lsp mutant was observed in BM macrophages. We demonstrate that the defect is mainly because of a reduced capacity to escape from the phagosomal compartment. The fact that subsequent intracytosolic multiplication and cell-to-cell spread are apparently not affected in the ⌬lsp mutant, suggests that the non-processed forms of lipoproteins have lost at least some of their activities required for intraphagosomal survival of the bacterium. The ⌬lsp mutant was not impaired in adhesion to Caco-2 enterocytes and showed only a moderate defect of intracellular multiplication. Thus, either lipoproteins do not participate to adhesion to, and invasion of, epithelial cells, or precursor forms of lipoproteins remain active in this process.
Notably, expression of the lsp gene was strongly induced (10-fold) when bacteria were inside eucaryotic cells. In macrophages, the peak of induction of lsp expression was recorded when most bacteria were still entrapped into phagosomes. After bacterial release into the cytosol, lsp induction decreased rapidly. These data are compatible with the idea that lsp expression is induced to enable optimal maturation of lipoproteins, some of which may participate to phagosomal escape. The ⌬lsp mutation had a moderate effect on the virulence of L. monocytogenes in mice. Kinetic analyses further indicated that the non-processed precursor forms of lipoproteins retained sufficient biological activities to promote in vivo survival. At this stage, it cannot be excluded that in humans, or in other animal species, lipoproteins might play a more important role in the pathogenesis of L. monocytogenes. The fact that the mutant bacteria could multiply in the cytosol of infected cells suggests that the role of lipoproteins in intracellular survival might be mainly restricted to the early step of phagosomal escape.
Role of Lipoproteins in the Metabolism of L. monocytogenesThe importance of the lipoprotein processing by SPases II for cellular homeostasis differs between the Gram-negative and Gram-positive bacteria and among Gram-positive bacteria. For example, unlike the SPase II of E. coli (35) , the SPase II of B. subtilis and Lactococcus lactis are not essential for growth and viability (36, 37) . However, in these non-pathogenic species, the absence of SPase II resulted in cold and heat sensitivity. In B. subtilis, SPase II is not required for the development of genetic competence, sporulation, and spore germination although at least eight known lipoproteins are important for these processes (24) . Cells lacking SPase II accumulated lipidmodified precursor and mature-like forms of PrsA. This precursor form seems to be active. In L. lactis, SPase II is required for pre-PrtM, an ortholog of the B. subtilis PrsA protein and for pre-OppA (an oligopeptide-binding protein) processing. No alternative processing of these precursors occurs in the absence of this SPase II. Unprocessed lactoccocal lipoprotein precursors kept their biological activity (37) . In L. monocytogenes, the lack of Lsp did not impair growth in broth, including at 4°C. Because a strain lacking only the lipoprotein OppA is unable to grow at 4°C (16) , it is possible that some non-processed forms of lipoproteins remain active. Alternatively, it cannot be excluded that some lipoproteins are processed by alternative enzymatic activities.
The ⌬lsp deletion did not alter the general level of protein expressed by L. monocytogenes. However, at least two proteins were overexpressed in the mutant. One of them corresponds to the precursor form of a conserved lipoprotein of unknown func- tion, Lmo2637. It is possible that, after processing by Lsp, Lmo2637 normally localizes into the extracellular medium. In contrast, the unprocessed precursor form of the protein would remain stuck in the membrane via its NH 2 -terminal hydrophobic signal sequence. In B. subtilis, important variations in the amounts of several extracellular proteins have been observed in mutants lacking Lsp, but no information is yet available on the effects on the envelope protein content. The second protein overproduced in the ⌬lsp mutant of L. monocytogenes is homologous to PdhB of the pyruvate dehydrogenase complex of B. subtilis (27) . The pyruvate dehydrogenase complex of Grampositive bacteria, which displays three different enzymatic activities (E1, pyruvate decarboxylase; E2, dihydrolioamide dehydrogenase; and E3, lipoamide dehydrogenase), consists of a core of 60 E2 subunits and 30 E1 and 6 E3 subunits associated. E1 is a heterotetramer, composed of E1␣ 2 E1␤ 2 . The different proteins of the complex are encoded by the linked genes pdhA (E1␣), pdhB (E1␤), pdhC (E2), and pdhD (E3). This protein complex is capable of binding to promoter regions in DNA and was shown to regulate certain steps of the sporulation process in the Bacillus species (27, 38) . The reason for the up-regulation of PdhB in a ⌬lsp mutant and its physiological role in L. monocytogenes remain to be elucidated.
Possible Interactions between Lipoproteins and the Phagosomal Membrane-In Gram-negative bacteria such as E. coli, lipoproteins are anchored to the periplasmic side of either the inner or outer membrane through NH 2 -terminal lipids, depending on the lipoprotein sorting signal present at position 2 (39) . In Gram-positive organisms, after their cleavage by SPase II, mature lipoproteins are generally tethered to the cytoplasmic membrane, via their long chain fatty acids, and face outside the cell. Computer-assisted analyses suggest that a major fraction of the membrane-bound forms of lipoproteins belong to ABC-type transporters. The secreted forms of lipoproteins (8, 28) are believed to have diverse binding and/or enzymatic activities. In L. monocytogenes, 37% of the lipoproteins (Table I) are predicted to belong to an ABC-type transporter; and 10% have a predicted enzymatic activity. We have shown that maturation of pre-lipoproteins was important for phagosomal escape of L. monocytogenes, suggesting that mature lipoproteins could interact with components of the phagosomal membrane to facilitate its disruption (mainly mediated by listeriolysine O and phosphoinositol-phospholipase C). In principle, two possible modes of interaction between lipoproteins and the phagosomal membrane can be envisaged (Fig. 7) : (i) direct interactions, mediated either by the soluble or membrane-bound forms (pathways A, B); or (ii) indirect interactions (pathways C and D), via another extracytoplasmic protein, or through a more complex signaling cascade mediated by cytoplasmic components. On a structural point of view, the peptidoglycan of Gram-positive cells comprises about 20 to 40 layers. This rigid layer of about 20 -80 nm thick covers the cytoplasmic membrane (about 3 nm thick), and should thus, hinder direct contacts between proteins directly bound to the cytoplasmic membrane. Unless some membrane-bound lipoproteins adopt extended structures allowing them to cross most of the peptidoglycan, the interactions with the phagosomal membrane are more likely to occur via soluble forms of lipoproteins or to involve indirect pathways. At this stage it cannot be excluded that bacterial lipoproteins may recognize non-proteinaceous components of the phagosomal membrane, like lipid raft or other cholesterol-rich regions.
We show here the importance of the processing of the lipoproteins by Lsp in the pathogenesis of L. monocytogenes. The molecular mechanisms of interaction between lipoproteins and the host cell, during intracellular survival, remain to be elucidated.
